ABSTRACT A tremor is an involuntary rhythmic shaking movement of the muscles, which reduces the precision of hand and finger movements. It is difficult for individuals with hand tremors to type accurately using small-and high-density targets, such as keyboard. This research proposes an optical see-through mixed reality system that reduces hand tremors so that the individual can type steadily. The system virtually stabilizes the individual's hand tremors by optically overlapping the trembling hand with a stabilized virtual hand to produce a realistic typing sensation without any tremors. The simulation experiments proved that the system supports trembling hand typing. By comprehensively investigating both the objective (time and error ratios) and the subjective (the sense of ownership, agency, and pertinence) aspects, the system with a virtual:real intensity ratio of 0.75:0.25 was found to be optimal.
I. INTRODUCTION
A tremor is an involuntary, somewhat rhythmic shaking movement of some body parts. It affects large populations; up to 15% of people in the age range from 50 to 89 years are afflicted by tremors [1] . Nearly 1% of the world's population suffers from essential tremor (ET), which is the most common tremor [2] . Tremors can affect the hands, arms, head, voice, and so on; however, the hands are the most common site [3] . More than 20 types of tremors were clinically defined and distinguished as rest tremors and action tremors based on phenomenological classifications [4] . Rest tremors occur in body parts that are not involved in purposeful activities. In contrast, action tremors occur during voluntary activities, such as writing or typing [5] . Therefore, it seriously affects a person's hand functions. The hands affected by action tremors show one of two typical features. One tremor feature is rhythmic trembling with a regular amplitude and frequency during hand movements. ET is an action tremor with a frequency within 4 Hz to 7 Hz [6] . Another feature of action tremors is high increase in amplitude as the hand approaches a target [7] . Depending on the tremor features, action tremors have different degrees of influence on the stability and precision of hand and finger movements. In fact, hand typing/touching commonly exists in human-machine interactions. Due to functional and spatial limitations, hands usually type/touch the interfaces having many small densely placed targets, for example, typing using a keyboard. Accomplishing such interactive tasks is more difficult for people with hand tremors.
Mixed reality is the merging of real and virtual worlds to produce new visualizations where physical and digital objects co-exist [8] . It presents an opportunity to create an amazing realistic hyper-real environment. Mixed reality has shown outstanding performance in the entertainment, manufacturing, education, and rehabilitation therapy. In recent years, some studies have explored the potential of mixed reality for people with some disabilities, like ''OxSight'' [9] and ''HoloHear'' [10] . So far, many mixed reality applications have been explored for visual and hearing assistance, but its potentials in supporting people with hand tremors have not yet been exploited.
This research explores the potential of mixed reality in supporting people who experience hand tremors when typing on keyboards, and it develops an optical see-through mixed reality system. The system optically overlaps a stabilized virtual hand and a tremor hand by controlling the virtual: real intensity ratio to create a realistic typing sensation without hand tremors. We examined whether the proposed system can support the typing task for tremor sufferers by comparing the time and error ratios between the trembling hands with the system and without the system. By comparing the two types of hand tremors in the different virtual:real intensity ratios, we also determined the relationship among the proprioception of the virtual hand, the auxiliary effect, and the virtual:real intensity ratio.
II. RELATED WORK A. HAND TREMOR TYPING SUPPORT
''Keyguards'' is a hard plastic cover that fits over the keyboard; it has holes for each key to prevent unwanted typing [11] . However, because of the slight differences in different keyboards, this cover does not easily fit all keyboards. Zhong et al. (2015) [12] developed a hand tremor service for smartphone called ''Touch Guard''. When the finger touches the area intersected with multiple targets, ''disambiguation'' will be activated, and it will provide a ''target list'' with a larger access region. Mertens and Jochems (2010) [13] designed an interface in which the important keys are aligned toward the outer circle because swabbing is considered easier than touch-typing for trembling hands. These studies attempted to develop special interfaces to assist trembling hands; however, changing a familiar interface often confuses the user, and the user fails to perform a faster and more accurate interaction [14] . Plaumann et al. (2016) [14] proposed a method to improve input speed and accuracy of trembling hand touch-typing by simultaneously stabilizing the motion data detected from smartphone sensors and fingerworn sensor. Although it enables the trembling hand to access the usual interface, both the interactive object and the user finger have to wear some motion sensors. Our previous research proposed a system to support hand tremor sufferers to directly typing with ordinary physical keyboards [15] . The system estimates the desired key and provides users with a projection to help locate the desired key. However, this projection affects the typing efficiency. Therefore, this research develops a mixed reality system to support the trembling hand to steadily type the desired key by using mixed reality of the stabilized virtual hand and the trembling hand.
B. PROPRIOCEPTION
Proprioception, which explains how much the fake hand feels like one's own hand, has been discussed frequently in researches on virtual/rubber hand illusions. Botvinick and Cohen (1998) [16] first demonstrated the rubber hand illusion-people feel that the fake hands are their own hands when the artificial rubber hands and their own concealed hands are stroked synchronously. Sanchez-Vives et al. (2010) [17] indicated that this illusion of ownership occurred when the movements of the real hand and virtual hand were synchronous; and this illusion happened even in the absence of tactile stimulations. Additionally, the appearance was found to be associated with the illusion of ownership, and the illusion feeling was more pronounced in realistic hand representations than in any other appearances [18] - [20] . To sum up, three factors are responsible for promoting the proprioception of a fake hand, namely, visual-tactile synchrony, visual-motor synchrony, and realistic hand representations. Therefore, we designed the mixed reality system by fully considering these three factors and by investigating the proprioception of the virtual hand under the visual-tactilemotor synchrony states.
De Kort and Dickinson [21] compared the body ownership illusion of the fake hand with the rubber hand condition, the virtual reality condition, and the mixed reality condition; no significant differences were found. However, the setting of the mixed reality system limited the virtual hand movement and passively accepted the interaction; therefore, the system cannot be applied to support a trembling hand. By synchronizing the virtual hand with the real hand in spatial position and gestures and by controlling virtual:real intensity ratio, our system provides a convincing subjective illusion whereby the person does not perceive any tremor in the hand and is steadily able to type the desired keys on the keyboard.
In addition, many studies have examined the sense of ownership (i.e., experiencing the artificial hand as one's own body part) and the sense of agency (i.e., the phenomenal experience of initiating and controlling an action to confirm the proprioception of fake hand) [20] , [22] , [23] . Our research also follows the two directions and improves the questionnaires used by previous researchers.
In the rubber/virtual hand illusion studies, the experimental setting did not avoid the deviations between the fake hand and the real hand; there were no discussion on the ideal synchronous states in which the fake hand and the real hand always maintained the same spatial position and gesture. Our system setting provides no deviations between virtual hand and real hand in spatial position and gesture.
III. EXPERIMENTAL SYSTEM
We propose an optical see-through system that presents a mixed reality environment that merges the stabilized virtual hand and the real trembling hand to provide hand tremor individuals with assistance for typing stably using their own hands.
A. SYSTEM CONFIGURATION
The hardware configuration of the system is shown in Fig. 1 . The main system apparatuses included the Leap motion, an LCD display (Sharp PN_T321), an half mirror (about 10% transmittance and about 50% reflectance), and an ultrashort throw projector (LG PH450U, 450 lumen). The Leap Motion tracked the hand and transmitted the hand positions to a computer for spatial geometrical transformation and stabilization. The LCD display showed the rendered virtual hand, and the display along with the half mirror overlapped the virtual hand image on the real keyboard. The projector controlled the luminance of the environment behind the half mirror to make the real scene visible through the half mirror. Adjusting the intensity of the virtual hand and the luminance of the environment, the different mixing ratios of the virtual:real presentations were observed from the half mirror (see Figs. 2 (a) to (e)).
B. VIRTUAL HAND
The virtual hand is a generalized hand avatar of an adult male (see Fig. 2 (f)), but its size automatically changes based on the individual's hand size. It is mapped on the real hand, and it maintains the same movement pace as the real hand by spatial transformation. The virtual hand has the same joint number and degree of freedom as the real hand, and it changes synchronously with real hand gestures. The intensity of the virtual hand can be altered by Shader's parameters.
IV. METHOD
The system attempts to provide the user with the illusion that the virtual hand is his/her own body part; therefore, the virtual hand and the real hand are required to geometrically overlap each other with appropriate virtual/real mixing dimensions, and their movements to be synchronized. The methods are shown in sections A and B. Furthermore, to support the trembling hand typing and give it a stable appearance, tremor analysis and stabilization were implemented. The methods are described in section C.
A. CALIBRATION
A series of calibrations was implemented offline, including spatial geometrics, virtual hand sizes, and intensity ratio of real/virtual hand.
To exactly align and overlap the virtual hand and the real hand, it is necessary to implement a geometric calibration to determine the spatial relationships between the virtual hand and the real hand. First, we generally set in parallel the display, the half-mirror, and the interactive plane where keyboard is placed; we manually adjusted their distances to make sure the virtual graphics lay on the keyboard. Then, we calculated the spatial geometry corresponding to the relationship between Leap motion and the display. As the image observed from the half mirror and the display is mirrored, we finally reversed the orientation of the virtual hand.
To avoid the incongruity between the virtual hand and individuals' real hand, the virtual hand size was designed to be adjusted automatically. First, the size of the standard virtual hand was taken as the average of adult men hand size. The distance between the center of the palm and the wrist joint and the distance between left and right edges of the hand are generally fixed and do not change with hand gestures. Therefore, when an individual's hand is detected, the system calculates and adjusts the length and width of the virtual hand as
where s indicates length or width; r s is the individual's hand size; v s is the virtual hand size corresponding to the individual's hand; r s is the average hand size of adult men; and v s is the standard virtual hand size.
In this research, we selects the intensity ratios of 0:1, 0.25:0.75, 0.5:0.5, 0.75:0.25, and 1:0 between the virtual hand and the real hand to study the influence of different virtual/real mixing proportions. We calibrated the luminance of the environment lights, which determined the intensity of the real hand, and also calibrated the scale factors in the Shader program, which are related to the intensity of virtual hand. We set an RGB camera (Logicool Carl Zeiss) at the user viewpoint to capture the virtual hand and real hand images respectively, and measured the average intensity of hands by image processing. Specifically, we first projected a group of gray images with different values ranging from 255 to 0 onto the real hand and measured the intensity of the real hand under each light environment. The maximum intensity value of real hand is under light environment projected with 255 image, therefore, we normalized the maximum intensity value to 1. The searches of 3/4, 2/4, and 1/4 intensity values of maximum intensity and 0 intensity value were normalized to 0.75, 0.5, 0.25, and 0. The corresponding projections were recorded with gray values. Then, we set the virtual hand in the same place as the real hand and measured a group of intensity values by consecutively modifying the intensity scaling factors in Shader. We selected five scale factors that had the same intensity values as the recorded intensity values of the real hand, and we normalized the intensity values of the virtual hand. Finally, the virtual:real intensity ratios were 0:1, 0.25:0.75, 0.5:0.5, 0.75:0.25, and 1:0 when the intensity scaling factors of Shader were selected as 0, 0.07, 0.15, 0.26, and 0.33 respectively, and the projection values corresponding to the ratios were 255, 207, 170, 123, and 0 respectively.
B. SYNCHRONIZATION
This system synchronizes the virtual hand with the real hand in spatial position and gesture. The geometrically spatial relationships are calibrated; therefore, the spatial positions of the virtual hand are determined by transforming the tracked real hand position. The system synchronously controls the virtual hand gestures according to the real hand. Hand gestures include hand rotations, flexions/extensions and adductions/abductions of fingers. The hand rotation matrix is obtained by applying the built-in function of the Leap Motion. Finger gestures are decided by the spatial angles of the joints. The system first applies the cross product and the dot product to the position vectors of the connection of the bones to obtain the angle and the direction respectively. Then, the system multiplies the joint angles. Thus, if the joint from the palm toward the fingertip is numbered from 1to 3, then each spatial angle of the joins is computed as
where n denote the n th joint; R hand is the hand rotation angle; R n is the angle of n th joint; and R i is the angle of i th joint.
C. TREMOR ANALYSIS AND STABILIZATION
Our research considers two types of hand tremor features: type 1 (T1), which is a tremor with fixed tremor frequency and amplitude, and type 2 (T2), which is a type of tremor with highly variable amplitude.
Hand tremor analysis works at the beginning of the system process to help the system distinguish tremor features and determine stabilization schemes and parameters. Specifically, in the processing of hand tremor analysis, the system continually collects the 3D positions of the fingers (fingertips) and the hand (palm center), then it computes the average speed, average acceleration, main motion frequency and amplitude through fast Fourier Transform, and distinguishes the two types of hand tremors by support vector machines classification to determine the stabilization filter (The accuracy of classification reaches to 89% in the testing).
Then, the system virtually stabilizes the trembling hand position (i.e., palm center position) to compute the steady position of the virtual hand. When the T1 tremor hand is confirmed, the system uses the tremor frequency data and stabilizes the palm position by using a second-order IIR notch filter. When the tremor type is T2, the system uses a moving average median filter and sets the window size as 24 (according to the system sample rate and tremor frequencies) and average median 18 positions to eliminate singular tracked positions caused by sudden amplitude changes in the tremors. Moreover, the system further corrects the stabilized position by Hysteresis to avoid the delayed matching of the virtual hand and the real hand at larger hand movements. Suppose the position is stabilized in current loop p (t) and the estimated position is in the previous frame p(t-1), then the current estimated position P(t) is computed by Hysteresis as follows:
where D is the size of touching target, and p(t) is the raw position. If the between p (t) and P(t-1) than or equal to D, the final estimated position accepts the stabilized result. Whereas, the final position use raw position. The tremor causes symmetrical flexion and extension of the fingers; therefore, the system eliminates these unsteady finger gestures by using average joint angles between the current frame and the previous frames.
The system also implements stabilization of the fingertips to estimate the interactive position of the finger. The method is the same as hand stabilization. When the trembling hand touches a target, the system implements fingertip stabilization; this integrates with key remapping and provides the results required by the user. The key remapping method was referred to in our previous research [15] .
V. EXPERIMENT
We conducted simulation experiments to verify if the proposed system and methods successfully support trembling hand typing. In addition, the virtual:real intensity ratio of 1:0 or the video see-through setup would be the best for the proprioception of the virtual hand because there would be no double image. However, a completely virtual environment that hides the real world would eliminated hand typing on a physical keyboard. Therefore, the second purpose of VOLUME 5, 2017 the experiment is to determine the optimal virtual:real ratio using which the key typing performance is enhanced while the sense of ownership and other subjective issues are not significantly degraded.
A. EXPERIMENTAL SETTINGS
We set up 12 experiments in different conditions, in which participants performed typing tasks on keyboards by using simulated trembling hands; the responded to the questionnaires given after each experiment.
FIGURE 3. (1). Experiment setup:
A participant performing a typing task with a simulated trembling hand, (2) the scene observed from the half mirror, (3) the position of the stimulator, and (4) stimulator.
1) SIMULATED TREMOR HAND
As shown in Fig. 3 , the trembling hand was simulated using a simulator-a steplessly variable control unit (VITA tronic TENS 410/S) and electrodes. The electrodes were fixed on both the palm and the back of the participants' hand to control their hand by using electric muscle stimulation impulse. By manually adjusting the control unit to change the impulse intensities and frequencies, T1 and T2 hand tremors were simulated. The finger frequency was kept at 4 Hz to 7 Hz for simulating the T1 hand tremors and the finger amplitudes were dynamically changed to simulate the T2 hand tremors. The shaking amplitude was set above the half-key size.
2) EXPERIMENTAL CONDITIONS
Two experiment parts were designed to study the two types of hand tremor with and without the system. Furthermore, ''with the system'' condition was subdivided into five conditions according to the different virtual:real intensity ratios. Therefore, 12 experimental conditions were designed and labeled in Table 1 . Note that, the similar visual presentationno stabilized virtual hand overlapping trembling hand was observed between C1 and C2 and between V1 and V2. However, C2 and V2 adopted the proposed system to support the typing task.
3) EXPERIMENT TASK DESIGN
It is difficult for individuals having trembling hands to perform multiple finger interactions [24] . In the experiment, participants were required to perform keyboard-typing tasks with one trembling finger. A normal style keyboard with 18 mm × 18 mm standard key size was chosen. To quantify and compare the typing status in different conditions, we designed a program to guide the typing task (see Fig. 3 (1) ). The program randomly displayed one character at a time on a vertical monitor, and the participant needed to type it. If the participant provided an incorrect inputs, an error notification will be sent to let him/her provide the input again. Simultaneously, the time wasted in error inputs and the times of the error inputs were recorded. When the participant completes a task, the experimental data including the entire spending time, error input time and error ratio in the task were automatically recorded in the program.
At the end of an experimental section, the participant answered a questionnaire on a 7-point Likert scale ranging from -3 (strongly disagree) to +3 (strongly agree). The questions refer to ownership (Q1, Q2), agency (Q2, Q3) to figure out the user's proprioception, and some pertinent evaluations (Q5, Q6, and Q7 
4) EXPERIMENT PROCEDURE
Ten men in the age range of 20 years to 30 years having healthy hands completed the experiment in which 12 experimental conditions were randomly assigned to the experimental sections. The experimental procedure in an experimental section is illustrated in Fig. 4 . First, the participant reads and remembers questions. Second, the control unit of the tremor simulator that makes the participant's hand simulate the trembling is calibrated to meet the experimental requirement. Next, the hand tremor condition is further confirmed by the system measurement. Then, the participant performs the typing task where 30 letters are randomly generated. Finally, the participant answers the questionnaire and is given a rest to prepare for the next experimental condition until he/she finishes all the 12 conditions.
B. RESULT
Based on the generated data and questionnaires, we evaluate Group 1 (C1, C2, C3, C4, C5, and C6) and Group 2 (V1, V2, V3, V4, V5, and V6) based on time, error input ratio, ownership, agency, and pertinence. Time reflects the performance of the trembling hand in an interactive task. The less time participants take on completing the task and on error inputs, the better performance they show. In Group 1, there was a statistically significant difference among groups as determined by the one-way analysis of variance (ANOVA) in the whole spending time (p < 0.001) and the error input time (P <0.001). The Bonferroni pairwise comparisons of the C1 pairs (C1-C1 to C6) revealed that both the time taken to complete the task and the time wasted on error input were statistically significantly lower while typing with the system as compared with the condition without the system (all p < 0.01). There were no statistical differences between the C2 to C5 pairs. Group 2 also had similar results (see Fig. 5 ). Thus, the system has been proven to be useful for improving the typing task performance for both types of trembling hands. The proportion of the error input time in the whole spending time is further computed in each condition (Group 1: C1 69%, C2 28%, C3 11%, C4 11%, C5 7%, and C6 11%; Group 2: V1 62%, V2 23%, V3 16%, V4 13%, V5 11%, and V6 12%). It can be concluded that the system assists the trembling hand to finish the typing tasks in less time by greatly reducing the error input time.
Error Ratio reflects whether the trembling hand can accurately type the desired key. A one-way ANOVA was conducted to compare the error ratio of Group 1 and Group 2 under six conditions. There was a significant effect of the system on prompting the error ratio at the p < 0.001 level for Group1 and Group2. Post-hoc Bonferroni comparisons indicated that the results obtained with system conditions were significantly different from the results obtained without system conditions (see Fig. 6 ). However, both C2 to C5 and V2 to V5 conditions did not significantly differ from one another. These results show that the system does have an effect on reducing the error input for trembling hand.
Questions referring to Ownership and Agency in the questionnaire investigate whether they perceive the virtual hand as part of their own body. The analysis was conducted usingfour conditions for Group1 (C3, C4, C5, and C6), and four conditions for Group2 (V3, V4, V5, and V6) (see Fig. 7 (Q1) to (Q4)) because the virtual hand is visible under these conditions. VOLUME 5, 2017
1) OWNERSHIP
A one-way ANOVA was calculated on the participants' answers to Q1 in these above eight conditions and the analysis was found to be significant (p < 0.001) in both groups. The pairwise comparisons with the Bonferroni test showed a statistically significant difference in the pairs of C3-C5 (p < 0.01), C3-C6 (p < 0.001), C4-C6 (p < 0.01), V3-V5 (p < 0.01), V3-V6 (p < 0.01), and V4-V6 (p < 0.05) (see Fig. 7 (Q1) ). The results showed that the high intensity of the virtual hand makes it easier to perceive the virtual hand as part of the body. There is no statistically significant difference in the intensity ratios of C5-C6, V5-V6. The same method was used to analyze Q2, and the pairs of C3-C5, C3-C6, C4-C6, V3-V5, and V3-V6 exhibited statistically significant differences (p < 0.01). Note that, comparing the result of the pair C4-C6 in Group1, the pair V4-V6 did not show any statistical difference (see Fig. 7 (Q2) ). Therefore, a higher intensity proportion of the virtual hand contributes to creating the illusion that the haptic perception is from the virtual hand. Taken together, regardless of the type of hand tremor, a higher intensity proportion of the virtual hand enhances the perception of ownership.
2) AGENCY Fig. 7 (Q3) illustrates the analysis results of the one-way ANOVA for Q3. There was a significant difference in the pairs C3-C5, C3-C6, and V3-V5, all having p < 0.05. Fig. 7 (Q4) shows the analysis results on Q4. There was no significant difference in both groups. The virtual:real intensity ratio of 0.75:0.25 is the most effective condition for making the user feel that the virtual hand was controlled intentionally, regardless of the tremor conditions.
3) PERTINENCE (STABLE HAND ILLUSION)
Twelve conditions were classified in the two categories ''with stabilized virtual hand'' (C3, C4, C5, C6, V3, V4, V5, and V6) and ''without virtual hand'' (C1, C2, V1, and V2). A one-way ANOVA was computed on Q5 analysis, and it showed significant differences among these conditions in each group (p < 0.001) (Fig. 7 (Q5) ). Bonferroni pairwise comparisons indicated that the stable hand illusion was significantly stronger in the condition with the virtual hand than without the virtual hand. This means that the trembling hand mixed with the stabilized virtual hand makes the user feel as if his/her hand is stable. In addition, there was a significant difference in the pairs C3-C4, C3-C5, and C3-C6. Therefore, it should be noted that the intensity ratio of the virtual hand must be higher than that of the real hand to create a more stable hand illusion.
4) PERTINENCE (TYPING SUPPORT)
Based on the Q5 results above, the conditions C2 and C3 of Group 1 and V2 and V3 of Group 2 were not taken into account in the Q6 analysis. Therefore, the rest of the eight conditions were classified as the condition with the system (C4, C5, C6, V4, V5, and V6) and the condition without the system (C1 and V1). There were significant differences among the conditions in each group (Fig. 7 (Q6) ). Therefore, the system effectively supports the trembling hand to locate the target. The Q7 analysis of the one-way ANOVA also showed a significant difference (p < 0.001). Through the Bonferroni pairwise comparisons, significant differences were found in each pair of C1 and V1 (all having p < 0.001) and the pair of V2-V5 in Group2 (p < 0.05). This means that the proposed system is effective to make the typing input easier for trembling hand. In a word, the results above prove that the proposed system performance effectively supports the trembling hand and helps locate the desired key with less difficulty during typing.
C. DISCUSSION
This study proposed an optical see-through mixed reality system that enables hand tremor sufferers to type steadily on the keyboard using a self-consciously augmented hand. The two types of hand tremors (T1 and T2) are discussed and simulated in the typing tasks under 12 experimental conditions (including without the system and with the system in different intensity ratios of the virtual hand and real hand). The analysis of the time and the error input ratio demonstrates the system performance on typing support, and the psychological investigations further confirm a better virtual:real intensity ratio for promoting the proprioception of the mixed hand.
Comparing all conditions on the mean of the whole spending time on tasks, mean of error input time and error input ratio, the tremor hand with the virtual:real intensity ratio of 0.75:0.25 in the system provides best performance. The investigations of the ownership and the agency show that the intensity ratios of 0.75:0.25 and 1:0 are not significantly different, and they are appropriate for promoting the virtual hand as part of the body. An analysis of stable hand illusion shows that the virtual hand intensity is better to greater than the real hand intensity. The questionnaire about the users' subjective feelings of typing support also proves that trembling hand types the desired key more easily with the proposed system creating the mixed reality of the trembling hand, especially the virtual:real intensity ratio of 0.75:0.25 in the system.
In conclusion, for the purpose of our research, i.e. Supporting hand tremor individual type physical keyboard with steady hand, the virtual:real intensity ratio of 0.75:0.25 shows the best improvement in both the system performance and the proprioception of the virtual hand. Therefore, we suggest the use of this ratio in the mixed reality system to support the trembling hands while typing.
Compared with the related researches on the proprioception of the fake hand, the research studies the proprioception in different virtual:real intensity ratios. In addition, compared with the related research for supporting trembling hand typing, our research is novel because it allows hand tremor sufferers to use a stabilized virtual hand to access targets accurately and efficiently.
However, we have to point out the simulated experiments did not consider the influence of the upper limb tremor because of the limitations of the simulation equipment.
VI. CONCLUSION
In this study, we developed a mixed reality system to augment the visual stabilization of trembling hand while typing on the keyboard. The proposed system automatically analyzes and identifies the tremor type and implements specific stabilization to estimate stable hand position. Then, it aligns and overlaps the stabilized virtual hand to the real trembling hand during the typing process. The experimental results verified that the system successfully supports trembling hand typing. This research also shows that the system with virtual:real hand intensity ratio of 0.75:0.25 shows the best performance by comprehensively investigating the aspects of time, error ratio, ownership, agency, and pertinence. In the future, we will continue to improve the system performance to resolve accessibility problems related to other interfaces for people with trembling hands.
